Summary Four-year-old Norway spruce (Picea abies L. (Karst.)) seedlings were exposed to ambient and elevated (1.5 × ambient in 1997 and 1.6 × ambient in 1998) ozone concentrations [O 3 ] and three nitrogen (N) and two phosphorus (P) availabilities: "optimal" values (control); 70% of the control N and P values (LN and LP); and 150% of the control N value (HN). Treatments were applied in an open-field ozone fumigation facility during the 1997 and 1998 growing seasons. Effects on growth, mineral and pigment concentrations, stomatal conductance and ultrastructure of needles were studied. The HN treatment increased growth significantly, whereas elevated [O 3 ] had a slight or variable impact on growth and biomass allocation in all N treatments. Although there were no significant effects of the LP treatment on plant growth during the second year, there was a reduction in 1-year-old shoot dry mass in the elevated O 3 + LP treatment at the end of the experiment. There were no significant treatment effects on mineral concentrations of current-year and 1-year-old needles at the final harvest. In response to the HN treatment, chlorophyll a and b and carotenoid concentrations increased significantly in current-year needles. Chlorophyll a/b ratio decreased in response to elevated [O 3 ] alone, but increased in seedlings in the O 3 + LP treatment. Stomatal conductance of current-year needles decreased with increasing N availability, but increased in response to elevated [O 3 ]. However, the O 3 -induced increase in stomatal conductance was less in the LN and LP treatments than in the control treatment. In chloroplasts of current-year needles, increased N availability decreased mean starch grain area, but increased the number of plastoglobuli. We conclude that Norway spruce seedlings are relatively tolerant to slightly elevated [O 3 ], and that nitrogen and phosphorus imbalances do not greatly affect the influence of O 3 on this species when the exposure lasts for two growing seasons or less.
Introduction
Historically, nitrogen (N) has been the factor most limiting the primary production of plants in natural terrestrial ecosystems (Vitousek and Howarth 1991, Attiwill and Adams 1993) .
However, during recent decades, increases in anthropogenic N depositions have resulted in additional N input to soils in many industrialized parts of North America and Europe (Fowler et al. 1999) . Although the increase in N availability favors photosynthesis and biomass production in most plant species, excess N can disturb normal metabolism, induce mineral imbalances, reduce frost hardiness and render plants more vulnerable to air pollutants and other environmental stresses (Nihlgård 1985 , Marschner 1995 . Excess N can also injure leaf tissues, as indicated by the proliferation of tonoplast, the contraction of cytoplasm and the separation of plasmalemma from cell walls in mesophyll cells and changes in phloem in needles of heavily fertilized Scots pine (Pinus sylvestris L.) and Norway spruce (Picea abies (L.) Karst.) seedlings (Soikkeli and Kärenlampi 1984 , Anttonen et al. 1987 , Jokela et al. 1995 .
Although there is a surplus of N in southern parts of the boreal coniferous zone, relatively low-N and P availabilities are still typical of forests in the north (e.g., Helmisaari 1990, Attiwill and Adams 1993) . Decreased photosynthesis and growth, increased root-to-shoot ratio and the accumulation of starch in chloroplasts have been found in N-and P-deficient plants (Marschner 1995 , Palomäki and Holopainen 1995 , Wallin et al. 1996 . Unlike low-N availability, low-P availability does not usually induce marked changes in leaf chlorophyll concentrations (Marschner 1995) . Ultrastructural studies of mesophyll tissue have revealed several symptoms specific to N or P deficiency in conifer needles. The earliest symptoms of P deficiency include swelling of mitochondrial cristae and subsequent dilation of mitochondria , whereas symptoms of N deficiency include cytoplasmic translucency and a decline in the number of ribosomes and thylakoid membranes (Holopainen et al. 1992, Palomäki and .
Increases in the concentrations of tropospheric ozone ([O 3 ]) may affect plants adversely, and damage can be expected to increase as a result of the 0.2-2% annual increase in atmospheric [O 3 ] (Chappelka and Chevone 1992 , Runeckles and Krupa 1994 , Fuhrer et al. 1997 . In most tree species, elevated [O 3 ] accelerates yellowing of leaves and inhibits shoot and root growth by altering many physiological processes, including stomatal functioning, photosynthesis, respiration and translocation and storage of carbohydrates (Krupa and Manning 1988 , Chappelka and Chevone 1992 , Fuhrer et al. 1997 . These changes result mainly from damage to the protein and lipid components of membranes and a decline in Rubisco activity and the contents or activity of pigments induced by O 3 itself or by reactive oxygen species produced in the apoplastic matrix of cells (Landry and Pell 1993, Polle 1998) . Ozone-induced cellular injuries have been observed in mesophyll cells, and include increased density and granulation of chloroplast stroma, decreased size of chloroplasts and starch grains and an increased number of cytoplasmic ribosomes , Anttonen and Kärenlampi 1996 , Holopainen et al. 1996 .
Although an elevated [O 3 ] and imbalanced N or P availability occur together in many regions of boreal coniferous forests, the responses of trees to the combined effects of O 3 and nutrient supply have not been intensively studied and have yielded conflicting results. and Landolt et al. (1997) found an increase in O 3 -induced damage in N-deficient birch (Betula pendula Roth.) seedlings, whereas Lippert et al. (1996) reported increased susceptibility to O 3 in Norway spruce growing in an N-sufficient regime. Amundson et al. (1995) found no significant interactive effects of elevated [O 3 ] and N deficiency in red spruce (Picea rubens Sarg.), and the only significant O 3 -induced change observed by Kainulainen et al. (2000) in N-deficient Scots pine and Norway spruce was an increase in electron density and granulation of chloroplast stroma. In addition, Wallin et al. (1996) found a counteracting or masking effect of P deficiency on the O 3 -induced decrease in root-to-shoot ratio and increase in needle carbohydrate contents in Norway spruce seedlings.
We studied the combined effects of realistically elevated [O 3 ] and low-N or P availability and N excess on 4-year-old Norway spruce seedlings during two growing seasons in an open-field experiment. We tested the hypothesis that some adverse effects of elevated [O 3 ] would be found at the cellular level in needles with optimal nutrition, and that low-N and P availability, as well as excess N, would exacerbate the negative effects of elevated [O 3 ] on the seedlings (Runeckles and Krupa 1994) .
Materials and methods

Plant material and growing conditions
On May 27 and 28, 1997, nursery-grown, 4-year-old Norway spruce (Picea abies) seedlings, originating from central-eastern Finland (T9-92-6), were planted in 7.5-l plastic pots filled with a 3:1 (v/v) mixture of quartz sand and fertilized sphagnum peat (Vapo peat PP6, basic fertilization 1 kg m -3 N,P,K (12:9:18) with micronutrients). The potted seedlings were placed in an open-air exposure facility at the Kuopio University Garden (62°13´N, 27°13´E) for the 1997 and 1998 growing seasons. Nutrient solution was applied three times weekly, starting 1 week after planting and continuing over both growing seasons (Table 1) (Ingestad 1962, Palomäki and . Target N and P fertilization regimes were "optimal" (control); 70% of the control N and P values, i.e., low-N (LN) and low-P (LP) treatments; and 150% of the control N value, i.e., high-N (HN) treatment. Additional irrigation was given according to soil water content. The pots were sheltered with excised spruce branches and covered with snow during the winter.
The 240 seedlings were randomly allocated to two control (ambient air) and two ozone (elevated [O 3 ]) blocks (diameter about 10 m) in the exposure field. The number of seedlings per block was 60 (4 fertilizer treatments × 15 individuals per treatment). Both ambient and elevated O 3 concentrations were measured about 70 cm above ground level with a Dasibi 1008-RS ozone analyzer (Dasibi Environmental Corporation, Glendale, CA) having a response time of 50 s and with updated readings every 10 s. The additional O 3 was produced from pure oxygen with an ozone generator (Model OZ 500, Fischer, Bonn, Germany) and injected into the exposure blocks in the upwind direction through Teflon tubing. The fumigation system operated continuously during the growing seasons, but was shut down if the wind was < 0.1 m s -1 or > 5 m s -1 . To avoid possible spatial differences in the ozone blocks, seedlings were rotated inside the blocks once a month during the growing seasons. The exposure system is described in detail by Wulff et al. (1992) . The mean 24-h O 3 concentrations measured from the block center were 1.6 × ambient during the 1997 growing season and 1.5 × ambient during the 1998 growing season (Table 2 ). In addition to mean 24-h O 3 concentrations, AOT 40 (accumulated exposure over a threshold of 40 ppb) indices for daylight hours (defined as global radiation above 50 W m -2 ; Kärenlampi and Skärby 1996) and 24 h day -1 were calculated (Table 2) .
Growth analysis
Total height, length of current-year main shoot and stem base diameter of all studied seedlings were measured at the beginning of the experiment, after the first year of exposure (October 16, 1997) i.e., logarithm of stem diameter squared × total height (y = log (d 2 h)) was also used in growth analyses (Lucas and Diggle 1997) . Visible symptoms of ozone damage (yellowing and chlorotic mottling of needles) to current-year, 1-and 2-year-old needles were estimated as a proportion of damaged needle area per plant after the first (September 15, 1997) and second (September 2, 1998) year of exposure. At the final harvest during October 5-7, 1998, stems and needles of current-year and 1-year-old shoots and other aboveground parts of seven randomly selected replicate seedlings of each treatment were separated from each other and dried at 60°C for 2 days to constant mass. Roots were washed, oven-dried and weighed. The root-to-shoot dry mass ratio was calculated per pot as total belowground dry mass divided by total aboveground dry mass.
Mineral and pigment concentrations of needles
For mineral analyses, needle samples were collected from 1-year-old (June and July) or mature current-year (August-October) flushes during each growing season (N and P analyses) and from current-year and 1-year-old flushes (N, P, K, Ca and Mg analyses) at the final harvest. All samples were dried at 70°C for 48 h, weighed, ground and wet digested. Nitrogen was analyzed by the standard Kjeldahl method, P by spectrophotometry (Shimadzu UV-1201, Shimadzu Co., Kyoto, Japan) and K, Ca and Mg by atomic absorption spectrometry (Perkin Elmer 460, EG&G, Inc., Wellesley, MA) (Allen 1989) .
Needle samples for pigment analyses were collected in liquid nitrogen from the current-year flushes on July 6 and September 18, 1998. Chlorophyll a and b and carotenoid concentrations were determined by the DMSO extraction method, according to , except that samples were incubated at 65°C for 210 min. Total carotenoid concentrations were calculated according to Wellburn and Lichtenthaler (1984) (equation for 96% ethanol solution).
Stomatal conductance
Stomatal conductance was measured in 10 replicate seedlings of each treatment during the second year of exposure on 1-year-old (June 8 and July 2) or current-year (July 30 and August 31) shoots. Measurements were made in the exposure field between 1200 and 1400 h on an approximately 5-cm long shoot section from the tip of the uppermost lateral shoot of each measured seedling with an LI-1600 steady state porometer (Li-Cor, Inc., Lincoln, NE). All the measurements were corrected based on the silhouette areas of the measured shoot sections determined from digital photographs with the Adobe Photoshop 4.0 software package (Adobe Systems Inc., San Jose, CA).
Needle ultrastructure
On October 21, 1997 and August 3 and September 29, 1998, 1.5-mm-long needle segments (one segment per tree, five replicate trees per treatment) were taken at one-third of the distance from the needle tip of current-year and 1-year-old needles of leading shoots. Samples were prefixed in 2% glutaraldehyde and postfixed in 1% OsO 4 solution in 0.1 M phosphate buffer (pH 7.0) and stained with uranyl acetate and lead citrate for electron microscopy examination (JEOL JEM-1200 EX, Tokyo, Japan) or toluidine-blue for light microscopy examination (ZEISS Standard 16, Oberkochen, West Germany) (Holopainen et al. 1996) . In the light microscopy studies, needle diameter and height, width of vascular bundle and number and width of resin ducts were measured. In addition to estimates based on the visible condition of mesophyll cells (condition of chloroplast stroma and thylakoids, amounts of cytoplasmic ribosomes and lipid bodies and vacuolar tannin), three digital electron micrographs (10,000×) from the middle part of the mesophyll tissue of each needle sample were taken during the electron microscopy studies. From these images, the areas of chloroplasts, starch grains and mitochondria as well as the number of plastoglobuli were determined using the Adobe Photoshop 4.0 software.
Statistical analysis
Statistical analyses were carried out with the SPSS statistical software package (SPSS Inc., Chicago, IL) with two-level O 3 (1998) . Because block means were used (n = 2), P values of < 0.1 and < 0.05 are reported.
Results
Needle mineral concentrations
In the control treatment, N and P concentrations of mature current-year needles were close to the target values at the end of the first year of exposure (Table 2 ). Needle N concentrations in HN and LN seedlings, as well as needle P concentrations in LP seedlings differed significantly from values for control seedlings at the final harvest (Table 3 ). The LN treatment tended to increase (P = 0.054) the P concentration of current-year needles, the HN treatment tended to decrease (P = 0.066) the Mg concentration of current-year needles, and the LN treatment tended to decrease (P = 0.064) the Ca concentration of 1-year-old needles at final harvest. Elevated [O 3 ] tended to increase (P = 0.102) the N concentration of current-year needles in all nutrient treatments (HN, LN and LP), and there was a significant (P = 0.024) increase in Mg concentration of 1-year-old needles in the combined elevated [O 3 ] + LP treatment (Table 3) .
Growth analysis
Although there were no visible changes in seedling growth in response to elevated [O 3 ] and LP treatments compared with control seedlings, the HN seedlings had dark green needles and well developed new flushes. At the end of the first year, there was a significant (P = 0.011) reduction in current-year main shoot length of seedlings in the LP treatment. The combined elevated [O 3 ] + LP treatment resulted in a slight, but not significant, decrease in total plant height at the beginning of the second year of exposure and a decline (P = 0.071) in 450 UTRIAINEN AND HOLOPAINEN TREE PHYSIOLOGY VOLUME 21, 2001 , high-and low-nitrogen (HN and LN) treatments and low-phosphorus treatment (LP) on nutrient composition of current-year and 1-year-old needles of Norway spruce at the final harvest (October 5-7, 1998) . Values are means ± SE. Means followed by different letters are significantly different according to Tukey's multiple range test (P < 0.05); ANOVA, * = P < 0.1; ** = P < 0.05; *** = P < 0.001; and ns = not significant. (Tables 4 and 5) . No significant effects of LP alone or in combination with elevated [O 3 ] were observed on plant height, stem base diameter and stem log-size during the second year of exposure. In contrast, a significant growth-promoting effect of increased N availability was observed on current-year main shoot length, plant height, stem base diameter and dry mass production as well as on stem log-size (Tables 4 and 5 , Figures 1 and 2) . Ozone exposure resulted in increases in stem base diameter and stem log-size during the second year of exposure (Table 5 , Figure 2) . However, no interaction of elevated O 3 and N availability on growth nor any treatment-related effects on dry mass allocation between the stem and roots were found.
Pigment concentrations of needles
Nitrogen supply had large impacts on pigment concentrations of current-year needles in the second year of exposure (July and September). Chlorophyll a and b and carotenoid concentrations increased significantly (P < 0.0001) in response to increasing N availability (Table 6 ). Although no significant effects of elevated [O 3 ] or LP were found on pigment concentrations, chlorophyll a/b ratio was reduced by elevated [O 3 ] alone (P = 0.048) and increased by the combined elevated [O 3 ] + LP treatment (P = 0.042) in July.
Stomatal conductance
There were no significant treatment-related changes in stomatal conductance of 1-year-old needles during the early growing season (data not shown). In contrast, stomatal conductance of current-year needles increased significantly in response to decreased N availability (P = 0.026) and elevated [O 3 ] (P = 0.042) in the late growing season of the second year of the study (Table 6 ). The impact of elevated [O 3 ] on stomatal conductance was less marked in LN seedlings than in control or HN seedlings (Table 6 ).
Needle structure
Light microscopy studies showed a slight (not significant) HN-induced increase in diameter of current-year needles at the end of each growing season (data not shown). Although light and electron microscopy revealed no significant treatment-related changes after the first year of exposure, starch accumulation in chloroplasts of current-year needles decreased significantly (P = 0.001) in response to increased N availability in the second year of exposure ( Table 7) . The influence of N availability on starch grain areas was also observed in the mean chloroplast area, which decreased significantly (P = 0.008) with increasing N availability. The number of plastoglobuli also increased with increasing N availability (P = 0.042), whereas the mean area of mitochondria was decreased by the combined elevated [O 3 ] + LP treatment (P = 0.052) ( Table 7 ). Similar effects of N supply on starch accumulation and plastoglobuli were also observed in 1-year-old needles, but the changes were not statistically significant (data not shown). At the end of the experiment, slight increases in darkening of plastoglobuli and electron density of chloroplast stroma were observed in 1-year-old needles in response to elevated [O 3 ].
Discussion
Needle mineral concentrations
At the final harvest, current-year needle N concentrations of 12, 18 and 8 mg g -1 in seedlings grown in the control, highand low-N treatments, respectively, were close to the target concentrations. In contrast, P concentrations of 1.9 and TREE PHYSIOLOGY ONLINE at http://heronpublishing.com Table 4 . Influence of elevated ozone concentration (+ O 3 ), high-and low-nitrogen treatments (HN and LN) and low-phosphorus treatment (LP) on current-year main shoot length after the first (1997) and second (1998) year of exposure and dry mass and root-to-shoot dry mass ratio in the final harvest (October 5-7, 1998) . Values are means ± SE. Means followed by different letters are significantly different according to Tukey's multiple range test (P < 0.05); ANOVA, * = P < 0.1; ** = P < 0.05; *** = P < 0.001; and ns = not significant.. 1.5 mg g -1 in seedlings grown in the control and low-P availability treatments, respectively, were somewhat above the target concentrations. The growing conditions in the optimal N fertilization treatment were closely comparable with conditions in northern coniferous forests, where relatively low needle N availabilities prevail during the growing season (Helmisaari 1990, Attiwill and Adams 1993) . Nitrogen concentrations of 15 to 20 mg g -1 in needles are considered optimal for growth in most coniferous tree species, but the imbalance relative to other nutrients and susceptibility to biotic and abiotic stresses, such as frost damages and fungal disease, may 452 UTRIAINEN AND HOLOPAINEN TREE PHYSIOLOGY VOLUME 21, 2001 47.1 ± 1.2 54.9 ± 1.2 56.2 ± 1.4 ab 58.4 ± 1.3 bc 60.8 ± 1.5 b LN 46.5 ± 0.9 48.9 ± 0.9 49.0 ± 0.9 ab 49.5 ± 0.9 a 49.6 ± 0.7 a LN + O 3 46.1 ± 1.3 47.6 ± 1.3 47.7 ± 1.2 a 47.7 ± 1.2 a 50.2 ± 1.7 a LP 49.4 ± 1.5 52.1 ± 1.3 52.9 ± 1.4 ab 53.2 ± 1.5 ab 53.6 ± 1.5 ab LP + O 3 46.9 ± 1.1 49.4 ± 1.0 49.9 ± 1.00 ab 49.9 ±1.0 ab 50.9 ± 1.3 a Table 3 ).
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Stem base diameter
Values are means ± SE. No statistically significant differences were found between the treatments (repeated measures ANOVA). increase in these needle N concentrations (Aronsson 1980, De Vries and Latour 1995) . We found no significant impact of N availability alone or in combination with elevated [O 3 ] on the concentrations of other nutrients. A slight O 3 -induced increase in N concentration of current-year needles may indicate transient reallocation of resources from older needle classes (Wallin et al. 1990 , Rantanen et al. 1994 . The increase in Mg concentration of 1-year-old needles of seedlings grown in the elevated [O 3 ] + LP treatment might be related to decreased dry mass of 1-year-old shoots or increased pigment concentrations of needles (Marschner 1995) .
Growth analysis
Our observation of a slight positive impact of low-P availability on growth contrasts with the results of other experiments reporting significantly reduced growth in aboveground parts of P-deficient conifer seedlings. This discrepancy might be explained by the relatively high P concentrations in current-year and 1-year-old needles of our seedlings even in the LP treatment Holopainen 1994, Wallin et al. 1996) . We found a significant growth-promoting effect of increased N availability on almost all growth parameters measured, although root-to-shoot dry mass ratio was not significantly affected by N supply. No negative effects of elevated [O 3 ] on plant growth and biomass production were found, except for an O 3 -induced increase in stem base diameter in the second year of exposure. These results suggest that O 3 exposure for two growing seasons was not long enough to establish any growth-limiting cumulative effects of slightly el-TREE PHYSIOLOGY ONLINE at http://heronpublishing.com Table 6 . Treatment effects (see Table 2 ) on chlorophyll a (Chl a), chlorophyll b (Chl b) and chlorophyll a+b concentrations (mg g -1 FW), chlorophyll a/b ratio and on stomatal conductance (cm s -1 ) in current-year needles of Norway spruce seedlings during the second year of exposure (1998) . Values are means ± SE. Means followed by different letters are significantly different according to Tukey's multiple range test (P < 0.05); ANOVA and repeated measures ANOVA; * = P < 0.05; *** = P < 0.001; and ns = not significant.
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Treatment
Chl a Chl b Chl a/b-ratio Chl a+b Stomatal conductance July 6 July 6 July 6 July 6 September 18
July 30 Table 7 . Treatment effects (see Table 3 ) on starch grain, chloroplast and mitochondrial areas and in the number of plastoglobuli per chloroplast cross section in mesophyll tissue of Norway spruce current-year needles at the end of the second year of the experiment (September 29, 1998) .
Values are means ± SE. Means followed by different letters are significantly different according to Tukey's multiple range test (P < 0.05); ANOVA, * = P < 0.1; ** = P < 0.05; *** = P < 0.001; and ns = not significant. (Langebartels et al. 1998) . Despite the reduction in height of seedlings grown in the combined elevated [O 3 ] + LP treatment at the beginning of the second year of exposure, the impacts of elevated [O 3 ] on growth and biomass allocation were not significantly affected by imbalanced N and P availabilities at the final harvest.
Needle pigment concentrations
Seedlings grown in the HN treatment had dark green needles with high needle chlorophyll concentrations (cf. Brix 1971 , Aronsson and Elowson 1980 , Marschner 1995 . We found no significant effects of elevated [O 3 ] and low-P availability on pigment concentrations of current-year needles. Similarly, other studies have shown only a slight effect of P availability on pigment concentrations, and O 3 -induced pigment loss has been observed only in older needle classes (Wallin et al. 1990 , Marschner 1995 , Mikkelsen et al. 1994 . We demonstrated that the effect of elevated [O 3 ] on pigment concentrations was not significantly influenced by nutrient availability. In contrast to other studies, the effect of elevated [O 3 ] on chlorophyll a/b ratio was caused by changes in the concentration of chlorophyll b, not chlorophyll a (Robinson and Wellburn 1991, Rebbeck et al. 1993) .
Stomatal conductance
The increase in stomatal conductance of fully grown current-year needles in response to low-N availability might be related to changes in water balance, because N fertilized conifers have been found to increase leaf water-use efficiency through decreased stomatal conductance and increased net photosynthesis (Cantin et al. 1997 , Samuelson 2000 . Stomatal responses to elevated [O 3 ] may be more complex than the responses to fertilization, because both increases (e.g., Hassan et al. 1994 , Mulholland et al. 1997 ) and decreases (e.g., Pfirman 1992, Elvira et al. 1995) in leaf conductance have been measured. The O 3 -induced increase in stomatal conductance in fully grown current-year needles corroborates experiments showing stomatal opening at low concentrations and stomatal closure at high (injurious) concentrations of air pollutants (Darrall 1989 . The O 3 -induced increase in stomatal conductance may be caused by disturbances in the function of epidermal cells, or it may be related to instant stimulation of photosynthesis in new shoots as a result of an increase in the translocation of resources in response to moderately elevated O 3 concentrations (Wallin et al. 1990 , Hassan et al. 1994 , Rantanen et al. 1994 . Although elevated [O 3 ] increased stomatal conductance of seedlings receiving optimal fertilization or N excess, it had little effect on stomatal conductance of seedlings in the low-N and low-P availability treatments.
Needle ultrastructure
Increased N availability decreased starch grain areas in chloroplasts, which is consistent with studies reporting reduced starch concentrations or decreased starch grain sizes in the leaves of seedlings growing in high-N availability (e.g., Ericsson 1979 , Palomäki and Holopainen 1995 , Marschner 1995 . However, in contrast to other studies, we found that the number of chloroplast plastoglobuli increased with increasing N availability (Holopainen et al. 1992, Palomäki and . No clear ultrastructural changes related to P supply were found, perhaps because of the relatively high P concentrations of needles in both P treatments. In addition, the impact of elevated [O 3 ] on needle ultrastructure was slight. This is in contrast to the results of Kärenlampi (1995, 1996) , who found marked ultrastructural changes and growth reductions in Scots pine seedlings after exposure to slightly elevated O 3 concentrations for two growing seasons in the same exposure fields and fumigation protocols . Our finding that Norway spruce seedlings have a relatively high tolerance to elevated [O 3 ] corroborates several other studies (Davis and Wood 1972, Chappelka and Chevone 1992) . We conclude that exposure of Norway spruce seedlings to slightly elevated O 3 concentrations for two growing seasons did not significantly affect growth or biomass partitioning. Moreover, the susceptibility of the seedlings to O 3 was not significantly changed by unbalanced P and N supplies. These results are in agreement with the findings of Kainulainen et al. (2000) on Scots pine and Norway spruce seedlings from the realistic O 3 treatment in the same exposure fields. However, O 3 -induced changes in chlorophyll a/b ratio and stomatal conductance may indicate disturbances in needle physiology at high-N availability when the exposure is prolonged. The target low-P availability was not achieved in this experiment, which may explain the small impact of the LP treatment on the experimental seedlings. We conclude that Norway spruce is relatively tolerant to O 3 , and that nitrogen and phosphorus imbalances do not greatly affect the influence of moderately elevated O 3 concentrations on the seedlings of this species when the exposure lasts for two growing seasons or less.
